Abstract-In this letter, we evaluate the performance of the MIMO-OFDM cognitive radio (CR) system where CR devices continuously sense the channel to check whether it is idle or not using compressed sensing with cyclostationary detection, and reconstruct the signal if communication is for the given CR receiver from its transmitter. We use the probability of misdetection and probability of false alarm as metrics to evaluate the spectrum sensing, and mean square error and successful reconstruction rate as metrics to evaluate the reconstruction of the signal for CR communications. Simulation results show that the proposed method outperforms the existing method.
I. INTRODUCTION

S
PECTRUM sensing in cognitive radio (CR) networks plays an important role to find idle channels for accessing them opportunistically without creating harmful interference to licensed primary users. It is also important to reconstruct the signal if it is for a given CR receiver from its transmitter. In this letter, we evaluate the performance of compressed sensing (CS) with cyclostationary detection in MIMO-OFDM based CR system where CR devices continuously sense the channel to check the status (idle or occupied) of the channel and reconstruct the signal for CR communications. The performance of the spectrum sensing is evaluated using probability of misdetection and probability of false alarm. The performance of the reconstruction process is evaluated using successful reconstruction rate (SRR) which is the ratio of the number of successfully reconstructed symbols and the total number of symbols transmitted. Compressive sensing in MIMO-OFDM based CR system was studied in [1] and cyclostationary based spectrum sensing was studied in [2] - [4] . However, none of the existing methods consider joint compressed sensing and cyclostationary features while sensing the RF spectrum to reduce both sensing uncertainties and computational complexity by considering analog-to-information converter (AIC) instead of instead of analog-to-digital converter (ADC). This letter investigates compressed sensing with cyclostationarity detection for MIMO-OFDM CR Networks where AIC block replaces the ADC to acquire and recover sparse signals at a rate proportional to their information content, which is lower than Nyquist rate. Note that the ADCs perform poorly in any rate lower than Nyquist sampling rate [5] . Furthermore, we study compressive sampling matching pursuit reconstruction method which gives better SRR than the orthogonal matching pursuit method used in [1] .
II. SYSTEM MODEL The system model for MIMO-OFDM based transmitter with M t antenna and receiver with M r antenna is shown in Fig. 1(a) and Fig. 1(b) respectively. For detection purpose, MIMO-OFDM transmitter serves as a primary user to represent busy channel or as a secondary user to represent idle channel. For reconstruction purpose, MIMO-OFDM transmitter is considered to be another CR user trying to communicate with the MIMO-OFDM CR receiver. In conventional model of MIMO-OFDM based CR, signals go through the IFFT block first and transmitted by multiple transmitting antennas. The proposed MIMO-OFDM model works with transmit beamforming and receive combining. Thus, at the transmission end, all sub-carriers in a given channel go through the beamforming vector block. Assuming the number of total sub-carriers to be N s , the m-th sub-carrier modulates a signal using a beamforming vector
Then, cyclic prefix (CP) is added after the signal goes through the IFFT block and then the signal is transmitted. In the proposed model, the received signals at antennas are first recombined using combination vector for m-th sub-carrier
Then the signal is sent through a pseudo-random sequence q = [q 1 (m), . . . , q M r (m)] T for demodulation. The value of any point in the sequence can be generated using linear feedback shift register (LFSR). Without loss of generality, the value of q i (m) is considered to be ±1. The sparse signal is then sent through integrator (low pass filter) as shown in Fig. 1(b) . Then the signal gets down-sampled using compression ratio M/N for N > M. Next, cyclostationary features of the signal are estimated to check whether the received signal is from primary user or from secondary user. If the signal is from primary user, CR user leaves the channel immediately. If the received signal is intended for the CR receiver from its transmitter, it reconstructs the signal. Note that the multiplier, integrator, and the down-sampler together function as the AIC block which replaces the ADC block as shown in Fig. 1(b) .
III. ANALYSIS
Transmission: After MIMO mapping of a sparse signal x, a base-band signal is transmitted over the MIMO with M t transmitting antennas. The signal x can be expressed as
. So after applying beamforming, the base-band signal x becomes f , where for i-th antenna and m-th sub-carrier
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where
This signal is then transmitted as shown in Fig. 1 
Thus, for M t transmit and M r receive antenna MIMO-OFDM system, the received signal at antenna j can be expressed as,
where w j is additive white Gaussian noise vector at j-th receiving antenna. This received signal is then processed by the combining vector of the j-th receive antenna,
So, any element of the combined signal s j for the j-th receiving antenna and for m-th sub-carrier can be represented as,
The AIC block is used to compress the sparse signal where LFSR generates a pseudo random sequence to use it as a modulator. The modulated signal for the j-th receiving antenna and m-th sub-carrier can be expressed as
Then, the signal is passed through an integrator (low pass filter). It is assumed that the impulse response of the low pass filter of j-th receiving antenna is
H lpf ,j is a matrix of the operation of the cyclic convolution with the impulse response of the low pass filter h lpf ,j , that is,
Then, the output of the low pass filter for j-th receiving antenna and m-th sub-carrier can be expressed as,
The signal after low pass filter is then passed through a down-sampler to gather the non-zero discreet values from the sparse signal. Suppose g lpf ,j is a vector of finite length N. Based on the NxK dimensional orthogonal basis , g lpf ,j can be represented as g lpf ,j = α, where α is a sequence having fewer non-zero values than g lpf ,j . It is assumed that α has only K non-zero values, so the condition for g lpf ,j to be sparse signal is K N. The important portion of information from a sparse signal can be captured comfortably by condensing g lpf ,j into small amount of data. The sampled values of g lpf ,j can be expressed as g cs,j = α. Here g cs,j is a vector of length M and is an M × N sampling matrix. Value of is fixed and independent of g lpf ,j . For g lpf ,j to be compressed M needs to satisfy M N. The compression ratio in that case is expressed as C r = M/N. Note that the AIC block works as a compressive sampler and the complexity of the optimization problem grows exponentially with signal length N.
Cyclostationary Detection: From Fig. 1(b) , it is seen that s j is the input to the AIC block. At the end of the AIC block the signal turns into g cs,j . The signal is cyclostationary, if g cs,j is real valued and its time varying covariance R g (n, p) satisfies periodicity at T 0 = 0 [6] as R g (n, p) = R g (n + kT 0 , p), and the cyclic auto-covariance as (8) where c = n T 0 , n ∈ Z are the cyclic frequencies. Here, signal g cs,j exhibits second order cyclostationarity considering that there is at least one non-zero cyclic frequency. Next, the spectral coherence function (SCF) can be calculated as
where f is called the spectral frequency. Then, the cyclic frequency domain profile (CDP) can be calculated from the SCF as
where α is called the cyclic frequency. Finally, dimensionless crest factor (CF) can be calculated from the highest peak in CDP as
where L is the number of cyclic frequencies. To obtain the detection result the calculated CF is compared against a given threshold λ t , that is, λ ≤ λ t : H 0 represents the absence of primary users and λ > λ t : H 1 represents the presence of the primary user. Proposition 1: The false alarm P f and the decision variable λ t hold the following relationship
When noise is additive white Gaussian in the system, cumulative distribution function (CDF) of the detection statistic λ is as [7] F
(13) The false alarm P f can be computed as
) Substituting (13) into (14) proves the Proposition 1.
Once we know the P f and number of samples N s of the signals in (12), we can compute the threshold λ t and vice versa. That is, from (12), the threshold is λ t = 1 − P
Proposition 2:
For the given MIMO-OFDM CR network, the probability of misdetection P m is
(15) Proof: For our system model, the decision statistic has the Gaussian distribution [8] with
Thus, the probability of detection can be calculated as
where Q(.) is the Q-function and γ is the signal-to-noise ratio (SNR) at the receiver. The probability of misdetection (16) 
into (17) proves the Proposition 2.
If primary user is detected, CR user must vacate the channel immediately. If the received signal is intended for CR communication, CR receiver reconstructs the signal as below.
Signal Reconstruction: To avoid interference to primary users, CR devices continuously sense the channel. If the received signal is not from primary users but from the intended CR transmitter, signal needs to be reconstructed/decoded for successful communications. For a sparse signal x, the vector y = * x can serve as an approximate signal since energy in both sparse signal x and approximated signal y are approximately equal. Since, samples have the form y = x, we can get the estimated signal by multiplying that by * to the samples. Along the line of [9] , reconstruction can be initialized to an initial residual that is the unknown target signal.
Let us assume initially the value of the approximation is x i , the compressed samples are in v and samples gathered from signal proxy are in z and iteration start with i = 0. Steps of signal reconstruction are listed below: 1) Input: sampling matrix , noisy sample vector v and compression ratio. 7) Update samples so that they reflect the part of the signal that has not been approximated (considered as a residue), i.e., z = v − x i . Here, steps 3 to 7 are iterated until the stopping criteria is met. Stopping criterion can be the SRR and/or the mean squared error (MSE) of signal x and its estimate x as
where E[.] is the expectation operator. Next, the signal reconstruction problem can be expressed as x = arg min
Note that the constructed signal x is within the C of the original signal: || x − x|| 2 ≤ C where C depends on the measurements [10] .
IV. NUMERICAL RESULTS AND DISCUSSION The performance of the proposed approach is evaluated with the help of numerical results obtained from simulations where 256 sub-carriers are assumed to available for the users unless stated otherwise.
First, we have plotted the variation of CDF vs. decision statistic in Fig. 2(a) and the variation of probability of false alarm vs. decision statistic in Fig. 2(b) . Note that the probability of false alarm reduces with increasing samples.
Next, we have plotted the variation of probability of misdetection vs. false alarm for receiver operating characteristics (ROC) for different MIMO sizes as shown in Fig. 3(a) . It is observed that the larger size of MIMO results in lower probability of false alarm and misdetection as shown in Fig. 3(a) . Also note that the increase in probability of false alarm results in decrease in probability of misdetection as shown in Fig. 3(a) . Furthermore, we have plotted the variation of probability of misdetection P m vs. the SNR γ for different compression ratio for 45 active sub-carriers and 3x3 MIMO-OFDM system as shown in Fig. 3(b) . We observe that the probability of misdetection decreases when SNR increases for a given compression ratio and the probability of misdetection increases when compression ratio increases for a given SNR value as shown in Fig. 3(b) .
Next, we have plotted the rate of SRR against the number of active sub-carriers for SNR of ±15 dB as shown in Fig. 4 . Note that the SRR decreases as the number of active subcarriers increases (i.e., when more sub-carriers are occupied). Moreover, SRR decreases when size of the MIMO increases since signals mix from all receive antennas together. For −15dB, 45 sub-carriers can get 40% SRR for 4x4 MIMO, 75% for 3x3 MIMO and 88% for 2x2 MIMO systems. Whereas for +15dB, 45 sub-carriers can get 80% SRR for 4x4 MIMO, 95% for 3x3 MIMO and 98% for 2x2 MIMO. Note that the signals at receiver are mixed before reconstruction and cyclostationary detection, and thus increase in number of active (i.e., occupied) sub-carriers and increase in number of antennas in MIMO results in increases in crowdedness of signals and that results in lower SRR.
Next, we have plotted the variation of normalized MSE vs. the compression gain (i.e., 1 − C r ) of the signal as shown in Fig. 5 for 38 active sub-carriers with a 3x3 MIMO-OFDM system. Note that the increase in compression ratio results in increase in normalized MSE for a given value of SNR. Furthermore, the value of MSE decreases with the increase in SNR as shown in Fig. 5 . We compared MSE resulted in by our approach and approaches in [1] and [3] , and we found that our approach gives better results as shown in Fig. 5 since we use AIC instead of ADC.
Finally, we have compared the performance of the proposed approach with the approach in the literature [1] in terms of SRR and have plotted the variation of SRR against number of active sub-carriers for MIMO-OFDM system as shown in Fig. 6 . Note that our proposed approach results in better SRR as shown in Fig. 6 since our proposed approach uses compressive sampling matching pursuit algorithm with AIC whereas Xu and Choi [1] use orthogonal matching pursuit algorithm with ADC for reconstruction of the signal. V. CONCLUSION In this letter, we have evaluated the performance of MIMO-OFDM CR system where CR device continuously senses the channel to check whether the channel is idle or not by using compressed sensing with cyclostationarity detection, and reconstructs the signal if communication is for the given CR receiver from its intended CR transmitter. We have used probability of misdetection and probability of false alarm while evaluating spectrum sensing. Similarly, SRR and MSE are being used for evaluating the reconstruction of the signal for CR communications if the signal was from intended CR transmitter. We have found that the reconstruction depends directly on the number of active sub-carriers (i.e., occupied subcarriers) in MIMO-OFDM systems. We have also compared our proposed approach with the approach in the literature and found that the our approach outperforms the existing one.
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